SUMMARY Under ischemic conditions, contractile responses of canine coronary artery smooth muscle are decreased, pH is decreased, and lactate levels are increased. To investigate whether lactate has a pH-independent relaxant action on contractility, inhibitory effects of 1.0 mM lactate on 46 Ca fluxes and increased tension elicited with either 60 mM KCl or 10 ftyi prostaglandin F 2o (PGF 2o ) were measured at physiological pH (7.4) or in the presence of lactic acidosis (pH 6.9-7.0). a pH-independent manner. Conduction velocity in isolated rabbit atria also is depressed by lactate at normal pH, but this effect is much more dramatic at a decreased pH of 6.8 (Marrannes et al., 1979) . Jennische et al. (1978) found that changes in lactate levels in moderate and extreme ischemia were not only related to tissue acidosis but also directly correlated with decreased membrane potentials of ischemic tissues. Thus, there appears to be considerable evidence that lactate ion has a direct pHindependent tissue action in muscles other than isolated canine coronary arteries.
INCREASES in lactate concentration, concomitant with changes in pH, occur with ischemia in striated and smooth muscles. Decreases in pH associated with increases in lactate levels have been correlated with direct depression of the contractile process, as well as with possible effects on transmembrane Ca 2+ fluxes in vascular smooth muscle (Carrier et al., 1964; Mrwa et al., 1974; Peiper et al., 1976; Turnheim et al., 1977) . Conversely, a direct effect of lactate independent of changes in pH recently has been demonstrated in cardiac muscle (Crie et al., 1976; Marrannes et al., 1979) . Lactate also prevents the mannitol-induced increase in contractility of isolated cat papillary muscles (Crie et al., 1976 ) in a pH-independent manner. Conduction velocity in isolated rabbit atria also is depressed by lactate at normal pH, but this effect is much more dramatic at a decreased pH of 6.8 (Marrannes et al., 1979) . Jennische et al. (1978) found that changes in lactate levels in moderate and extreme ischemia were not only related to tissue acidosis but also directly correlated with decreased membrane potentials of ischemic tissues. Thus, there appears to be considerable evidence that lactate ion has a direct pHindependent tissue action in muscles other than isolated canine coronary arteries.
Since lactate ion accumulation may directly participate in ischemic autoregulation in coronary vascular smooth muscle, the effects of lactate at physiological pH (7.4) and in lactic acidosis (pH 6.9-7.0) were compared in isolated canine coronary arteries. To test the hypothesis that lactate ion accumulation might alter Ca 2+ movements and, in this manner, decrease contractile responsiveness, the inhibitory actions of lactate on tension responses to PGF2a and KCl were ascertained, and attempts were made to correlate these actions with specific alterations in uptake, efflux, and mobilization of as a nonspecific depolarizing agent and of PGF 2 Q as an agent capable of mobilizing Ca 2+ from binding sites or stores in a manner similar to that of norepinephrine (NE) in other vascular smooth muscles (for review, see Weiss, 1977a ) facilitate comparison of effects of lactate on differing Ca 2+ -related stimulatory mechanisms.
Methods
Mongrel dogs of either sex (weighing 15-26 kg) were killed by rapid intravenous injection of pentobarbital (50 mg/kg). The heart was quickly removed and placed in iced physiological saline (normal Ca 2+ solution). From each heart, the proximal and mid portions of both the left anterior descending coronary artery (LAD, 1-2 mm, o.d.) and the circumflex coronary artery (CFX, (2) (3) o.d.) , as well as branches of both arteries (0.5-1.0 mm, o.d.), were immediately removed and prepared for subsequent studies on tension (main branches only) and Ca 2+ flux. No differences in 45 Ca binding and fluxes were noted between large and small branches. Isolated coronary vessels either were cut in a helical fashion (Furchgott and Bhadrakom, 1953) or in rings (Hooker et al., 1977) . After dissection (no more than 30 minutes elapsed from removal of the heart to completion of dissection), the vascular preparations were divided into the desired number of sections; each muscle section was equilibrated in normal Ca 2+ solution under 1-g resting tension for 80-100 minutes prior to initiation of experimental procedures. The normal Ca 2+ solution used in these experiments had the following composition in HIM: NaCl, 154; KC1, 5.4; CaCl 2 , 1.5; glucose, 11.0; and tris(hydroxymethyl)aminomethane, 6.0. Other solutions employed were similar except that the 1.5 mM added CaCl 2 was either changed (to 0.01, 0.03, 0.1, 0.3, 5.0, or 15.0 HIM) , omitted from the bathing solution (O-Ca 2+ solution), or omitted with the addition of 0.05 mM disodium ethylenediaminetetraacetate (O-Ca 2+ plus 0.05 mM EDTA). All of the preceding solutions were prepared with demineralized water, adjusted to pH 7.40 ± 0.03 with small volumes of 6.0 N HC1, gassed with 100% O 2 , and maintained at 34.0 ± 0.5°C. A different type of solution employed in some experiments was one in which lanthanum ion replaced isosmotically all cations present in the normal Ca 2+ solution (a La 3+ -substituted solution). The composition of this solution (Karaki and Weiss, 1979) was LaCk, 80.8 mM; glucose, 11.0 HIM; and tris(hydroxymethyl)aminomethane, 6.0 mM. This solution was adjusted to pH 6.8 (at 0.5°C) with 1 N maleic acid (to an approximate final concentration of 3 mM). Agents studied were potassium chloride (KC1), prostaglandin F 2o (PGF^, Upjohn), propranolol hydrochloride (Sigma), and /-lactate (Boehringer Mannheim). Initially, it was found that approximately 1 HIM lactate lowered the pH of a normal Ca 2+ solution from 7.4 to 6.9-7.0. Thus, for all experiments, lactate was added to the specified solution to give a concentration of 1 mM before the pH was adjusted to either 7.0 or 7.4 with small volumes of 6.0 N HC1. Contractile responses were obtained as described in previous studies with dog vascular smooth muscle Goodman et al., 1979) . During the 80-to 100-minute equilibration period, muscles were washed with fresh solution every 15-20 minutes. Tension was measured isometrically with a Grass model 79 polygraph and FT.03 displacement transducers. The magnitude of control and experimental contractions was expressed in milligrams of generated tension.
The accumulation of 45 Ca (expressed as tissue: medium ratios and net uptakes) was also measured in this study in the manner reported previously for vascular smooth muscle (Hudgins and Weiss, 1969; Goodman et al., 1972) . After the initial equilibration period (90 minutes), muscle strips (under approximately 1-g resting tension) were transferred to a specified experimental solution for 30 minutes prior to placement in test tubes containing 10 ml of the same solution with added 45 Ca (specific activity, 0.4 tCi/ml) for 10, 30, 60, or 90 minutes. Then, each tissue was blotted gently with no. 5 Whatman filter paper, dipped rapidly in four successive tubes containing 10 ml nonradioactive solution similar to the incubation medium, blotted again, weighed on Federal-Pacific torsion balance, placed in fused quartz crucibles, and ashed for approximately 16 hours (overnight) in a muffle furnace at 500°C. The ash residue was dissolved with 4 ml of 0.1 N HC1, and aliquots from this solution were dried in appropriately prepared planchets and then counted in Nuclear-Chicago proportional gas-flow counters with ultrathin windows. Ca T/M ratio determinations. The muscles were wet-ashed in 2 ml of 1 N NaOH at 80°C (90-180 minutes), and the solution was neutralized with appropriate amounts of 2 N HC1 and diluted to 5 ml with demineralized water. Aliquots from these solutions were placed into planchets, evaporated to dryness, and counted as described previously. Ca uptake was measured as described previously (Karaki and Weiss, 1979) Ca T/M experiments and then transferred to tubes containing 2 ml of the aerated, nonradioactive solution. The bathing solution was collected in planchets and replaced at specified intervals for the duration of the washout. Each 2-ml sample was evaporated to dryness before being counted. On completion of the washout, each muscle was blotted, weighed, ashed, and prepared for counting as in 45 Ca uptake experiments. The data obtained were expressed (Bianchi, 1965; Weiss, 1966) Ca present in the tissue during each time interval). Student's t-tests for paired and unpaired data were used. A probability of less than 0.05 was considered significant.
Results
As shown in Table 1 , prior treatment (15 or 30 minutes) of canine coronary arteries in a normal Ca 2+ solution with 1 mM lactate (normal pH, 7.4) depresses subsequent contractile responses to 10 JUM PGF 2a more than those to 60 mM KCl. This table also shows that lactate at decreased pH (6.9-7.0, lactic acidosis) causes no greater depression of KCl-induced contractile responses than lactate at pH 7.4. Contractile responses induced by PGF2 a , KCl, or 0.1 mM NE (after 20-minute exposure to 1 JUM propranolol) are relaxed by the subsequent addition of lactate (accompanied by a decrease in pH, 6.6-6.9) to the bathing solution. The responses to PGF 2 « (1.11 ± 0.06 to 0.52 ± 0.05 g, 53.2% relaxation) and NE (0.85 ± 0.10 to 0.51 ± 0.11 g, 40.0% relaxation) are decreased more than are responses to KCl (2.0 ± 0.14 to 1.83 ± 0.15 g, 8.5% relaxation).
Responses of canine coronary arteries to PGF2 Q are more resistant to the effects of Ca 2+ depletion than are responses to KCl ( Table 3 . These values are expressed as both T/M ratios (ml/g) or as net Ca 2+ uptake (/unoles/g) which includes a correction for the 14 Cextracellular space (0.339 ml/g, Goodman et al., 1979) . Equilibration occurs more rapidly in normal Ca 2+ solution (almost complete in 10 minutes) than in O-Ca 2+ solution (30-60 minutes). The slower 21.0 ± 7.1 58.8 ± 6.3 41.3 ± 6.3 76.1 ± 3.5 61.7 ± 7.1 80.8 ± 6.9
• n = 6-8.
f Unpaired values for PGF^ and KCl are significantly different (P < 0.005) at only 5-and 15-minute incubation intervals.
loading rate in a O-Ca 2+ solution may be associated with equilibration at slower loading high affinity Ca 2+ -binding sites as has been described for rabbit aorta (Weiss, 1977b (Weiss, , 1978 .
The effect of lactate (pH 7.4) on the loss of 45 Ca from previously loaded canine coronary arteries is shown in Figure 1 . Table 4 . By use of Scatchard plots (Scatchard, 1949) of Ca 2+ uptake in a manner similar to that first used for rabbit aorta by . Weiss (1977b) , the uptake of Ca 2+ by canine coronary arteries can be separated into two distinct binding sites, a high and a low affinity site (Fig. 4) . The x-axis intercept yields an estimate of the number of high or low affinity Ca 2+ -binding sites, while the affinities of the two sites can be expressed in terms of the apparent dissociation constants, KD (X intercept/y intercept). Rabbit aortic smooth muscle (Weiss, 1978) has approximately twice as many high affinity Ca 2+ -binding sites as does canine coronary artery (1.58 vs. 0.78), whereas the KD values, as well as the number of low affinity sites (9.00 vs. 8.53), are approximately equal. The addition of lactate (pH 7.4) to a solution maximizing high affinity Ca 2+ binding (0.03 HIM Ca 2+ ; the middle point on the high affinity component in Fig. 4) (see Weiss, 1974) . Figure 5 demonstrates that La 3+ -substituted solution at 0.5°C almost completely inhibits Ca 2+ efflux in canine coronary arteries within 60 minutes. The calculated ti /2 for the slow component of the 45 Ca desaturation curve under these conditions is greater than 462 minutes, and the rate coefficient decreases to approximately 0.15%/min. Similar results have been reported for rabbit aorta (Karaki and Weiss, 1979) Ca tissue: medium ratio) is summarized in Table 6 for Ca 2+ under both high affinity (0.03 mM extracellular Ca 2+ ) and low affinity (5.0 mM extracellular Ca 2+ ) conditions. High affinity residual Ca 2+ uptake is significantly decreased by PGF2 a (28.8%), significantly increased by lactate (25.8%), and unaffected by KC1. The lactate-induced increase in high affinity residual Ca 2+ uptake did not occur when KC1 was also present. Low affinity residual Ca 2+ uptake was significantly increased by KC1 (70.2%) and was not affected by PGF2<, or lactate. However, lactate did block the KCl-induced increase in low affinity residual Ca 2+ uptake. Thus, PGF2« and lactate had opposite effects on high affinity Ca 2+ and no effect Ca incubation period; KCl and PGF^ were added for only the final 10 minutes of the 60-minute incubation. Concentrations of agents employed are PGF^, 10 JIM; KCl, 60 mM; lactate, 1.0 mM at pH 7.4.
f The level of significance (P) is calculated for grouped nonpaired values.
on low affinity Ca 2+ , whereas KCl increased low affinity Ca 2+ but did not significantly alter high affinity Ca 2+ . Lactate and KCl together appeared to prevent the effects on residual Ca 2+ obtained in the presence of only one of these agents.
Discussion
The inhibitory effects of lactate on contractility and 45 Ca mobilization in isolated canine coronary arteries are independent of concomitant changes in pH (acidosis). Lactic acidosis caused a slightly more rapid depression of KCl-induced responses in canine coronary arteries than did lactate at pH 7.4, but the extent of inhibition of contraction was essentially equal. Turnheim et al. (1977) found that acidosis appeared to depress the contractile process of canine coronary arteries directly. The decreases in 45 Ca loss from canine coronary arteries observed with both lactic acid-induced acidosis and lactate ion accumulation at pH 7.4 were quantitatively similar. Thus, lactate ion appears to have a direct pH-independent action in isolated canine coronary arteries.
The KCl-induced contractile responses in canine coronary arteries were sensitive to the effects of Ca 2+ depletion. This finding is similar to results for many other vascular prejtarations in that KCl-induced responses are primarily dependent on an influx of Ca 2+ for development of tension (for reviews, see Weiss, 1975 Weiss, , 1977a . Responses to PGF 2a in isolated canine coronary arteries are much less sensitive to the effects of a Ca 2+ -deficient solution, especially for durations of exposure of less than 30 minutes. Apparently, PGF2a is capable of mobilizing Ca 2+ from less readily depleted sites or stores and, in this manner, initiating tension responses in canine coronary arteries. This capability resembles that noted for NE in other vascular smooth muscles (for review, see Weiss, 1977a) . Thus, characterization of the effects of an inhibitor such as lactate on responses to KCl and PGF2 Q should provide as useful a comparison in isolated canine coronary arteries as does the comparison of effects of NE and KCl in other vascular tissues. In this study, prior treatment with lactate depressed a subsequent contraction induced by PGF 2a more than one elicited with KCl. Furthermore, the subsequent addition of lactate to muscles previously contracted with PGF 2o or NE (in the presence of propranolol) are relaxed to a greater degree than are contractions obtained with KCl. In this latter situation, the direct effects of a decrease in pH (which accompanied the addition of lactate) cannot be excluded. However, these findings to indicate that lactate has an enhanced effect on responses to agonists which mobilize less readily depleted cellular stores of Ca 2+ . The kinetics of [ 14 C]lactate uptake indicate that this organic anion is rapidly taken up into isolated canine coronary arteries. The uptake appears to be an active process, since the major portion of cellular uptake is inhibited by decreasing the temperature to 0°C. Lactate transport into erythrocytes has been shown to occur primarily via a specific monocarboxylate transport system (distinct from an organic anion exchange channel) probably by an H + -lactate transport (symport) system which operates as a function of H + gradients (Dubinsky and Racker, 1978) . Since the extracellular equilibration and cellular uptake of lactate is rapid, its actions could occur at or within the cell membrane or even intracellularly.
To evaluate the specific effects of lactate on Ca 2+ distribution and mobilization in isolated canine coronary arteries, it was first necessary to establish certain baseline parameters for this tissue. In a previous study (Goodman et al., 1979) , 45 Ca efflux from canine coronary arteries was quantified and analyzed in a manner similar to that employed for other smooth muscles (essentially separated into a two-component desaturation curve). Lactate ion and lactic acidosis in canine coronary arteries both result in a decrease in loss of slow component 45 Ca which is quantitatively similar to that obtained with hypertonic mannitol in the same preparations (Goodman et al., 1979) . Poole-Wilson and Langer (1979) Ca and preventing back flux or reuptake (Goodman et al., 1972 -deficient solutions. This type of correlation reemphasizes the similarity of the action of PGF 2a to that of NE in rabbit aorta (Karaki and Weiss, 1979) . In rabbit aortic smooth muscle, NE releases high affinity residual Ca 2+ and, in this manner, mobilizes a La 3+ -resistant pool of Ca 2+ to increase contractility. Conversely, KC1 acts primarily to increase low affinity residual Ca 2+ in isolated canine coronary arteries. In rabbit aorta (Karaki and Weiss, 1979) 
